Evaluations of tumor growth rates and molecular biomarkers are traditionally used to assess new mouse models of human breast cancers. This study investigated the utility of diffusion weighted (DW)-magnetic resonance imaging (MRI) for evaluating cellular proliferation of new tumor models of triple-negative breast cancer, which may augment traditional analysis methods. Eleven human breast cancer cell lines were used to develop xenograft tumors in severe combined immunodeficient mice, with two of these cell lines exhibiting sufficient growth to be serially passaged. DW-MRI was performed to measure the distributions of the apparent diffusion coefficient (ADC) in these two tumor xenograft models, which showed a correlation with tumor growth rates and doubling times during each passage. The distributions of the ADC values were also correlated with expression of Ki67, a biomarker of cell proliferation, and hypoxia inducible factor (HIF)-1a and vascular endothelial growth factor receptor-2 (VEGFR2), which are essential proteins involved in regulating aerobic glycolysis and angiogenesis that support tumor cell proliferation. Although phosphatase and tensin homolog (PTEN) levels were different between the two xenograft models, AKT levels did not differ nor did they correlate with tumor growth. This last result demonstrates the complexity of signaling protein pathways and the difficulty in interpreting the effects of protein expression on tumor cell proliferation. In contrast, DW-MRI may be a more direct assessment of tumor growth and cancer cell proliferation.
Introduction
Mouse models of breast cancer have become essential resources for studying cellular mechanisms of progression by extending in vitro studies to an in vivo context. 1, 2 Mouse models have also been useful for studying the hallmarks of the in vivo tumor microenvironment, which cannot be recapitulated with in vitro studies. 3 Although many types of breast cancer cells have been obtained and characterized in vitro, only a small set of mouse models have been developed to study some cellular pathways and hallmarks of the tumor microenvironment. 4 Most of these mouse models have been selected for fast growth rates to facilitate the rapid development of consistent tumors in mice, which does not necessarily match the characteristics of slower-growing tumors in patients. Furthermore, cancer cell lines that have been extensively passaged in mice to ensure tumor growth may select for specific traits, and therefore may not reflect the heterogeneity of human breast cancer as well as low-passage cancer cell lines. For this reason, the National Cancer Institute has strongly emphasized the need to develop new mouse models that recapitulate other cellular mechanisms and hallmarks of the tumor microenvironment of human breast tumors. 5, 6 Mouse models of triple-negative breast cancer are particularly needed due to the interest in developing new treatments for this category of breast cancer.
Tumor size is the primary method used to monitor the proliferation of new xenograft models; yet tumor size essentially reflects the growth of the tumor periphery, and is relatively insensitive to the cellular status of the tumor core that may exhibit cell apoptosis, necrosis, lipid deposition or vasogenic edema. 7 Furthermore, monitoring tumor size only indirectly monitors the status of the tumor microenvironment, which is also critical for tumor proliferation. Perhaps most importantly, monitoring tumor size does not necessarily reflect cell density, which is an important biomarker for cell proliferation and tumor growth.
Tumor development in mice has also been monitored using immunohistochemical analysis of proliferation biomarkers, such as Ki67 that down-regulates apoptosis. 8, 9 These biopsies can directly evaluate the status of signaling networks, characteristics of the tumor microenvironment and cell density. Yet, the limited frequency and limited spatial coverage of tissue biopsies can lead to sampling artifacts and limit the use of this method for assessing new tumor models. Therefore, a different method is needed that can assess the cellular proliferation of new tumor models by monitoring the tumor microenvironment at the meso (micron to millimeter) scale, can evaluate cell densities, and can non-invasively and longitudinally appraise entire volumes of tumor tissues in mouse models of human cancers.
Diffusion-weighted magnetic resonance imaging (DW-MRI) meets these criteria by non-invasively measuring the apparent diffusion coefficient (ADC) of water within in vivo tissues throughout an entire tissue volume. 10, 11 This imaging method does not require exogenous contrast agents and therefore can be performed during longitudinal studies. The ADC is sensitive to biological barriers that reduce water diffusion at the meso scale, such as cell plasma membranes and intracellular organelles. ADC measurements can be used to compare tissues with different intracellular and extracellular compartments, and thus can evaluate relative differences in cell densities between tumors and normal tissues. 12 -14 Many preclinical and clinical studies have established that ADC values increase in response to cytotoxic therapies that alter cell densities. 15 -17 DW-MRI can also characterize regions of apoptosis or necrosis that cause changes in cell density within solid tumors. 18 -21 Despite the great utility of DW-MRI for many biomedical applications, the utility of DW-MRI for evaluating new tumor models has not yet been established. To investigate this utility, we developed xenograft mouse models of 11 new low-passage tumor cell lines from patients, and measured the ADC values of the two cell lines that showed good tumor growth during three passages in a mouse model. These DW-MRI results were compared with growth rates and doubling times of the tumors, and with protein expression levels from postmortem analyses, in order to determine if DW-MRI results were correlated with tumor cell proliferation.
Materials and methods

Cell lines
Eleven low passage breast cancer cell lines (732, 812, 893, 1179, 2087, 2925, 3133, 2150, 2648, 3199 and 3171) were obtained from the University of Arizona Cancer Center (UACC) tumor cell repository. These cell lines were obtained from pleural fluids, ascites, lymph nodes, axilliary nodes or primary tumor locations, and included infiltrating ductal carcinomas, metastatic carcinomas, lobular carcinomas and adenocarcinomas. Notably, UACC-3199 and UACC-893 cell lines were derived from an infiltrating ductal carcinoma, UACC-3171 cell line from a metastatic auxiliary node carcinoma and UACC-2150 from a stage IIIB carcinoma. The status of estrogen and progesterone receptor expression was determined for each cell line using immunocytological staining while the human epidermal growth factor receptor-2 (HER2) and epidermal growth factor receptor (EGFR) status for each cell line was determined using enzyme-linked immunosorbent assay analyses. 22 Each cell line was cultured in M15 media, which consisted of Leibovitz's L-15 media buffered with 10 mmol/L HEPES, 100 U/mL penicillin, 100 mg/mL streptomycin, 0.292 mg/mL glutamine, 10 mg/L transferrin, 10 28 mol/L hydrocortisone, 10 mg/L insulin, 5 mg/L catalase, 5% PVP-360, 2% carboxymethylcellulose, 0.1% glutathione, DL-ornithine and orotic acid, 22 mg/L mercaptoethanol, 10.5 mol/L sodium selenite and 5% fetal bovine serum without CO 2 .
Cell inoculation and tumor growth
Approximately 10 7 cells in 0.1 mL of 50% Matrigel TM (BD Biosciences, San Jose, CA, USA) in sterile saline were injected subcutaneously into the axial and inguinal mammary fat pads of female severe combined immunodeficient (SCID) mice aged four to six weeks (two mice per cell line). Mice did not receive estrogen supplementation. Tumor diameters were measured twice weekly to determine tumor volumes and doubling times (Equations (1) and (2)).
v ¼ ðd short Þ 2 ðd long Þ 2 =2 ð1Þ
where v, v 1 and v 2 are the volumes; d short and d long are the short and long diameters of a tumor that is approximated to be an ellipse; T d is the doubling time; and t 1 and t 2 are the time points 1 and 2, respectively. Once the tumors of the first passage had reached approximately 400-600 mm 3 in size, one DW-MRI study was performed for each mouse. Each mouse was euthanized and non-necrotic tumor chunks approximately 2 Â 2 mm in size were immediately resected and reimplanted via trochar into a set of four SCID mice. Therefore, for each cell line, the two mice from the first passage were used to create eight mice for the second passage. Two mice with UACC-3199 tumors and five mice with UACC-3171 tumors developed tumors of a viable size for this second passage, which were studied with DW-MRI using the same methodology used for studying mice of the first passage. Tumor chunks from the two mice with UACC-3199 tumors were transplanted into eight new mice, and six of these mice developed viable tumors during the third passage. Tumor chunks from two mice with UACC-3171 tumors were transplanted into eight new mice, and two of these mice developed viable tumors during the third passage. These mice were studied with DW-MRI using the same methodology used for mice of the first and second passages. Immediately after the MRI scan, each mouse of the third passage was euthanized and tumors were flash-frozen for Western blot and immunohistochemistry analysis. All animal protocols were approved by the University of Arizona Institutional Animal Care and Use Committee.
DW-MRI
All MRI experiments were performed with a 4.7 Tesla (T) MRI scanner (Bruker Biospin Inc., Karlsuhe, Germany) equipped with an actively shielded gradient coil capable of 150 mT/m. All animals were anesthetized with 1.5% isoflurane delivered in O 2 at 1.0 L/min with temperatures continuously monitored using a rectal Luxtron w fluoroptic thermometer (Luxtron, Santa Clara, CA, USA). An external heater was used to maintain core body temperature between 36 -378C during the imaging experiments.
Contiguous axial images were obtained using a DW-MRI protocol with isotropic, radial data acquisition. 23 Diffusion-weighted images were acquired using the following parameters: repetition time
.56 cm and slice thickness ¼ 2.0 mm. At each slice location, images were obtained with three b values of 25, 500 or 950 s/mm 2 
is the strength of the diffusion weighting gradient; g is the gyromagnetic ratio for protons [42. 58 MHz/T]; @ and D represent the duration and separation of diffusion gradients, respectively) over 20 min.
Parametric maps of the ADC were generated by fitting MRI amplitudes of each pixel to the Stejskal -Tanner equation, S ¼ S 0 e 2bADC , where S 0 is the signal intensity with no diffusion weighting. 24 ADC maps were processed and analyzed using programs written in Interactive Data Language (IDL; Research Systems, Boulder, CO, USA). Regions of interest corresponding to the tumor were manually prescribed on ADC maps and used to generate cumulative histograms of the ADC distributions. Cumulative histograms were produced by plotting the percent pixels greater than the ADC value versus the ADC value.
Western blot analyses
Tumor chunks from each mouse were homogenized (PowerGen 125; Fisher Scientific, Hampton, NH, USA) in cell lysis buffer containing 50 mmol/L Tris-HCl, 1% Triton X-100, 150 mmol/L NaCl and 2 mmol/L ethylenediaminetetraacetate. Total protein concentration was determined using the Bio-Rad Protein Assay Dye Reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with a bovine serum albumin standard. Sample aliquots of 30-40 mg of protein were denatured by heating for five minutes. Proteins were then separated by size using sodium dodecyl sulfate 10% polyacrylamide gel electrophoresis followed by transfer to polyvinylidene difluoride (PVDF) membrane using a Novex Mini-Cell Xcell II Blot Module (Invitrogen, Carlsbad, CA, USA). Blots were probed overnight at 48C for rabbit anti-human AKT (Cell Signaling Technology [CST], Danvers, MA, USA; 1:1000), mouse monoclonal IgG phosphatase and tensin homolog (PTEN) (Cascade Bioscience, Winchester, MA, USA; 1:1000), rabbit monoclonal vascular endothelial growth factor receptor-2 (VEGFR2) (CST; 1:1000), mouse antihuman hypoxia inducible factor (HIF)-1a (Transduction Laboratories, Lexington, KY, USA; 1:250) and b-actin (Santa Cruz Biotechnologies, Santa Cruz, CA, USA; 1:10:000) in 1Â Tris-buffered Saline and Tween 20. The secondary antibodies used included horseradish peroxidase (HRP)-conjugated goat anti-rabbit or goat anti-mouse immunoglobulin G (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). PVDF membranes were developed using a chemiluminescence system (Amersham Pharmacia, Uppsala, Sweden).
Immunohistochemistry
In addition to the tumor chunks used for Western blot analysis, a second series of tumor chunks were fixed in neutral buffered formalin supplemented with phosphatase inhibitor cocktail 2 (Sigma-Aldrich, St Louis, MO, USA) for 24 h followed by storage in 70% ethanol. Formalin-fixed, paraffin-embedded sections sliced to approximately 3 mm thickness were deparaffinized and conditioned via antigen retrieval prior to primary antibody staining to assess HIF-1a (Transduction Laboratories; 1:50), VEGFR2 (NeoMarkers, Fremont, CA, USA; 1:10), PTEN (Cascade Bioscience; 1:100), Ki67 (Novocastra Laboratories, Buffalo Grove, IL, USA; 1:500) and hematoxylin and eosin (H&E) using a Discovery XT Automated Immunostainer (Ventana Medical Systems, Inc.
[VMSI], Tucson, AZ, USA). Biotinylated universal mouse and rabbit secondary antibodies (VMSI) were applied followed by detection with strepavidin-HRP and diaminobenzidine. Deparaffinization, cell conditioning (antigen retrieval), primary antibody staining, detection and hematoxylin counterstaining were performed using validated reagents (VMSI). Following staining, slides were dehydrated through graded ethanol washes, cleared by xylene and coverslipped with Pro-Texx mounting medium (Baxter Diagnostics, Deerfield, IL, USA). Images were captured under 4X and 20X objectives using a Nikon Labophot-2 (Nikon, Inc., Melville, NY, USA) and Paxcam digital camera (MIS Inc., Villa Park, IL, USA) and PaxIt imaging software program (MIS, Villa Park, IL, USA). Images were standardized for light intensity.
Statistical analysis
Tumor growth significance was determined using repeated measures one-way analysis of variance. Molecular characterization significance was determined using a Student's t-test. Statistical significance was defined as P 0.05.
Results
In vivo tumor growth of breast cancer cell lines exhibits different growth rates Of the 11 breast cancer cell lines tested, only four cell lines (UACC-2150, UACC-3199, UACC-3171 and UACC-893) grew to a minimum tumor volume of 350 mm 3 within 120 d during passage 1 (Figure 1a ). Notably, these four cell lines had the highest aerobic glycolytic activity among all cell lines tested. 22 The UACC-3199 cell line showed a fast growth rate of 22.1 mm 3 /d and a doubling time of 3.2 d, while the other three cell lines showed a moderate growth rate of 2.3-4.9 mm 3 /d and doubling times of 16 -48 d ( Table 1 ). The remaining seven cell lines grew to less than 100 mm 3 within 120 d, and therefore were not passaged. Of the four cell lines that were initially passaged, only UACC-3199 and UACC-3171 grew to a minimum tumor volume of 350 mm 3 and were able to be serially reimplanted in mice for three passages (Figures 1b and c,  respectively) . The UACC-2150 and UACC-893 cell lines only grew to less than 100 mm 3 during the second passage. A delay in tumor growth rate and an increase in doubling time was observed in UACC-3199 tumor xenografts from passage 1 to passage 3 but remained consistent in UACC-3171 tumor xenografts throughout three passages.
DW-MRI of UACC-3199 and UACC-3171 tumor xenografts
The DW-MRI studies showed that a greater average ADC was observed in UACC-3171 tumor xenografts compared with UACC-3199 tumor xenografts (Figure 2a ). However, the average ADC value of a tumor fails to reflect the distribution of pixel values, which may also have diagnostic value (Figure 2b) . Therefore, the ADC throughout the tumor was also evaluated using cumulative histograms (Figures 2c and d) . In studies of all cell lines and all passages, the distribution of pixel-wise ADC values reflected a normal distribution, which validated that constructing cumulative histograms was appropriate for this evaluation. An increasing ADC distribution was observed through the passages of UACC-3199 tumors, which also correlated with the decreasing growth rate during each passage. The ADC distribution of UACC-3171 tumors increased between passages 1 and 2 and remained steady thereafter (Figure 2d ). This matched the correlation between the mean ADC and relative growth rates observed with each passage (Figure 3 ). The ADC distribution was lower for UACC-3199 tumor xenografts relative to UACC-3171 tumor xenografts for each passage, which also correlated with the faster growth rates of UACC-3199 tumor xenografts relative to UACC-3171 tumor xenografts.
Expression of signaling proteins in the AKT/VEGF pathways
Western blots were performed to quantify the expression of AKT, PTEN, VEGFR2 and HIF-1a in the UACC-3199 and UACC-3171 tumor tissue homogenates after the third passage in mice (Figure 4a ). Expression levels were normalized to the expression of b-actin to account for variability in total protein between tissues and thus was used as an internal control. Both cell lines showed high expression of AKT, PTEN and VEGFR2, and relatively lower expression of HIF-1a ( Figure 4b ). The UACC-3199 cells showed significantly higher expression of VEGFR2, PTEN and HIF-1a compared with UACC-3171 cells. However, the expression of AKT showed no statistically significant differences between the UACC-3199 and UACC-3171 xenografts. Qualitative in vitro analyses verified that both of these cell lines were ER-, PR-and HER-2 negative, and the UACC-3199 cell line was EGFR-positive while the UACC-3171 cell line was EGFR-negative. 22 
Immunohistochemical evaluation of signaling proteins
Immunohistochemistry was performed to evaluate the level and spatial distribution of VEGFR2 and HIF-1a expressions. VEGFR2 was strongly detected in both UACC-3199 and UACC-3171 tumor xenografts with good spatial homogeneity throughout the tissue sample. VEGFR2 expression was observed to be higher in UACC-3199 tumor xenograft (100% 2þ cytoplasmic/10% 2þ nuclear) than the 
Discussion
Historically, human breast tumors are one of the most difficult tumor type to grow as xenotransplants, with take rates of about 27% compared with take rates of 50 -70% that are seen in colorectal, ovarian, melanoma and lung tumors. 25 -28 In the current study, only two of 11 low passage lines were able to be serially transplanted for more than one passage in SCID mice, which agrees with previously published studies. Some human breast tumors require estrogen supplements to grow as xenotransplants, which may partly explain the low take rate of breast cancer when estrogen supplements are not used. Ten of the 11 cell lines used in this study were ER2, so this study did not use estrogen supplementation when developing xenotransplants. The UACC-2648 cell line was ERþ, Figure 3 The mean ADC value showed a weak correlation with growth rate for each tumor. ADC, apparent diffusion coefficient which may explain the lack of tumor growth for this particular cell line without estrogen supplementation. Notably, the UACC-3199 and UACC-3171 cell lines that were passaged more than once were triple-negative (ER/PR/ HER-2), whereas the UACC-2150 and UACC-893 express HER-2/neu and were only able to be passaged once. 22 The slower tumor growth rates and longer doubling times of the UACC-3199 and UACC-3171 tumor xenografts during the second and third passages were in contrast to previous studies. 29 -31 Yet, heterotransplants have varied growth rates between passages due to changes in proliferative activity of the tumor cell, cell loss including loss of a stem cell population and other cell fractions that promote growth, and lower take rate of surgical tissue following transplantation. 26, 32 Tissue handling including transit time from removal of the surgical tissue to reimplantation may also contribute to variability in growth rate, although we took care to minimize transit time following tumor excision. 26 Our results may reflect a combination of these factors. Despite this variability of lag times, our results showed that the UACC-3199 and UACC-3171 cell lines could form reproducible xenograft tumor models for our subsequent analyses.
All DW-MRI results showed that a shift of the distribution to a lower average ADC value was correlated with faster tumor growth rates and shorter doubling times. The normal distributions of the ADC values suggest that the tumor growth was uniform throughout the tumor. This correlation is particularly exemplified by the lower ADC distribution for the first passage of the fast-growing UACC-3199 and UACC-3171 tumor xenografts, relative to the higher ADC distributions of the slower-growing second and third passages of these cell lines. This correlation was also observed for the faster-growing UACC-3199 tumor xenografts relative to the UACC-3171 xenografts. As shown by other DW-MRI studies, a shift of the distribution to a lower average ADC value generally indicates a lower percentage of extracellular space in the tumor microenvironment and a higher cell density in the tumor tissue. 14 -16 Therefore, these correlations showed that DW-MRI can be used to verify lower extracellular space and higher cell densities caused by faster growth rates and shorter doubling times, so that DW-MRI can provide good utility for assessing new tumor models.
These qualitative assessments of the shifts of distributions of ADC values were useful for initially establishing new cancer models. The intrinsic limitations to qualitative assessment of these cumulative histograms include reliability and validity of the results as well as wider interpretation to other tumor mouse models. However, future studies that are designed for a more rigorous quantitative analysis of these ADC distributions can be initiated. For example, a twosample Kolmogorov -Smirnov test can be used to determine if two distributions are statistically distinct based on the locations and shapes of the empirical cumulative distribution functions. 33 Similarly, a K-sample Anderson -Darling test can be used to determine whether two distributions are distinct. 34 As another example, the Shapiro-Wilk test can reveal if results represent a normally distributed population, which can be used to determine if each distribution indicates that tumor growth was uniform throughout the tumor. 35 However, a greater number of mice per model is needed to interpret these quantitative comparisons of ADC distributions or cumulative distributions and therefore we limited our initial study to qualitative comparisons. The Ki67 stainings indicated similar proliferation in the viable regions of the UACC-3199 and UACC-3171 tumor xenografts. Yet, the H&E stainings indicated that only 20% UACC-3171 xenograft tissue was viable, compared with 100% viability for the UACC-3199 xenograft. Therefore, the proliferation in the total tumor was higher for the entire UACC-3199 xenograft tumor relative to the UACC-3171 xenograft. This difference in tumor cell proliferation correlated with the shift of the distribution to a lower average ADC value, increased tumor growth rates and shorter doubling times of the UACC-3199 xenograft.
The UACC-3199 tumor xenografts had higher expression of HIF-1a and VEGFR2 compared with UACC-3171 xenografts, which was correlated with a shift of the distribution to a lower average ADC value, increased tumor growth rates and shorter doubling times in the UACC-3199 xenografts. This was expected, because up-regulation of HIF-1a elicits a multiphasic response that includes increased aerobic glycolysis, which in turn promotes tumor cell proliferation. 36, 37 In addition, HIF-1a also elicits angiogenesis by increasing expression of VEGFR2 and other growth factors. VEGFR2 leads to neovascularization and increased vascular permeability in tumors, which provides nutrients for tumor growth resulting in increased tumor cell proliferation. 38 Furthermore, VEGFR2 expression is promoted by additional signaling pathways which may justify the greater expression of VEGFR2 relative to HIF-1a in these studies. 39 Clinically, HIF-1a expression is associated with a worse prognosis across all breast cancer subtypes. 40 VEGFR2 expression is more specifically associated with the triple-negative breast cancer phenotype, and is also associated with a worse prognosis. 41 Interestingly, the UACC 3199 cell line is EGFRþ, HIF-1a þ and VEGFR2þ which are all hallmarks of aggressive triple-negative tumors. Therefore, the UACC 3199 represents a valuable model to study this tumor type in vivo.
The UACC-3199 tumor xenografts showed higher expression of PTEN compared with UACC-3171 xenografts. PTEN selectively dephosphorylates phosphoinositol trisphosphate (PIP 3 ), which regulates the cell cycle and acts as a tumor suppressor by reducing cell proliferation. 42 PTEN also negatively regulates the activation of AKT, which promotes tumor cell survival in combination with the phosphoinositide 3-kinase/mammalian target of rapamycin pathway. 43 Yet the AKT expression levels of the UACC-3199 and UACC-3171 tumor xenografts were not statistically different from each other, suggesting that the increased expression of PTEN in the UACC-3199 xenograft did not negatively regulate AKT in this tumor model, and therefore did not reduce cell proliferation. Tumor cells often express inactive PTEN that fails to regulate tumor growth, which may further justify these results. 44 Therefore, PTEN expression and tumor cell proliferation are not necessarily correlated, which justifies a higher PTEN level and a shift of the distribution to a lower average ADC value in the UACC-3199 tumor xenograft relative to the UACC-3177 xenograft. The observation that PTEN in the more viable UACC-3199 tumor, and that PTEN staining was only predominant in the vascularized area of the tumors, may indicate that PTEN promotes anti-apoptosis through an AKT-independent mechanism in this model. 45 More generally, cell signaling and regulation depend on a complex network of pathways, so that the expression levels of some proteins such as VEGFR2 and HIF-1a may correlate with tumor cell proliferation, and yet other proteins such as PTEN may not necessarily correlate with tumor cell proliferation. This result demonstrates that the distribution of ADC values from DW-MRI may be a more functional evaluation of tumor cell proliferation.
In summary, we have shown that the distribution of ADC values from DW-MRI studies are correlated with tumor growth rates and expression of signaling proteins that promote cell proliferation. DW-MRI is unlikely to replace tumor size measurements as the 'gold standard' for assessing tumor proliferation, due to the high cost and moderate expertise required for DW-MRI studies. Yet, this study has established that DW-MRI can provide additional diagnostic information about new preclinical models of human cancers that can augment tumor growth rate measurements. In addition, this study further establishes that the UACC-3199 and UACC-3171 cell lines can be used to develop xenograft tumor models of triple-negative breast cancer.
